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(57) ABSTRACT

A method for fabricating a semiconductor device includes
forming a plurality of first active pillars by etching a substrate
using a hard mask layer as an etching barrier, forming a gate
conductive layer surrounding sidewalls of the first active pil-
lars and the hard mask layer, forming a word line conductive
layer filling gaps defined by the gate conductive layer, form-
ing word lines and vertical gates by simultaneously removing
portions of the word line conductive layer and the gate con-
ductive layer on the sidewalls of the hard mask layer, forming
an inter-layer dielectric layer filling gaps formed by removing
the word line conductive layer and the gate conductive layer,
exposing surfaces of the first active pillars by removing the
hard mask layer, and growing second active pillars over the
first active pillars.

15 Claims, 8 Drawing Sheets
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METHOD FOR FABRICATING
SEMICONDUCTOR DEVICE WITH
VERTICAL TRANSISTOR HAVING A
SECOND ACTIVE PILLAR FORMED OVER A
FIRST ACTIVE PILLAR

CROSS-REFERENCE TO RELAT.
APPLICATIONS

T
.

The present application claims priority of Korean Patent
Application No. 10-2009-0060878, filed on Jul. 3, 2009,
which 1s incorporated herein by reference 1n its entirety.

BACKGROUND OF THE

INVENTION

Exemplary embodiments of the present invention relate to
a method for fabricating a semiconductor device, and more

particularly, to a method for fabricating a semiconductor
device with a vertical transistor.

In a sub-60-nm DRAM fabrication process, the formation
of vertical transistors 1s desirable to increase the degree of
integration of transistors in cells, simplify the fabrication
processes, and improve device characteristics. A vertical tran-
s1stor includes an active pillar and a vertical gate surrounding
the active pillar. Due to the vertical gate, a channel of the
transistor 1s formed 1n a vertical direction.

In general, an active pillar has a structure of a neck pillar
and a top pillar, and a gate surrounds the neck pillar. However,
the neck pillar usually has a weak supporting force, so that the
active pillar easily collapses in the following process.

In an attempt to address the above-discussed concerns of
the neck pillar structure, an active pillar without the structure
of the neck pillar, 1.e. a neck-free active pillar, has been
developed.

FIGS. 1A to 1D illustrate a conventional method for fab-
ricating a semiconductor device including vertical transistors.

Referring to FI1G. 1A, a substrate 11 1s etched using a hard
mask layer 13, 1n which a hard mask oxide layer 13A and a
hard mask nitride layer 13B are stacked, as an etching barrier
to form neck-iree active pillars 12.

Buried bit lines (BBL) 14 are formed by implanting impu-
rity 10ons into the substrate 11 between the active pillars 12.

A gate dielectric layer 15 1s formed, and a gate conductive
layer 16 1s formed along the profile/surface of a resulting
structure including the gate dielectric layer 15. The gate con-
ductive layer 16 1s etched so that spacers remain to surround
sidewalls of the active pillars 12.

Referring to FI1G. 1B, a first separation layer 17 1s formed
over a resulting structure, and trenches 18 are formed to
separate the buried bit lines 14.

Referring to FIG. 1C, a second separation layer 19 1s
tormed to fill the gaps, 1.e., the trench 18, and the height of the
second separation layer 19 1s lowered through an etch-back
process. Since a gate length 1s determined by the length of the
second separation layer 19 removed by the etch-back process,
it 1s desirable to etch the second separation layer 19 uni-
formly. Unless the second separation layer 19 1s removed
from the upper sidewalls of the active pillars 12, the gate
conductive layer 16 formed on the upper portions of the active
pillars 12 1s not etched properly. Therefore, a subsequent
cleaning process 1s performed to cleanly remove at least the
second separation layer 19 formed on the upper sidewalls of
the active pillars 12.

Referring to FIG. 1D, portions of the gate conductive layer
16 formed on the upper sidewalls of the active pillars 12 are
removed to form vertical gates 16A.
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Word lines 20 may be formed to connect the adjacent
vertical gates 16A to each other.

As described above, the conventional method requires a
process of removing portions of the gate conductive layer 16,
which are formed on the upper sidewalls of the active pillars
12, 1n order to form the gate electrodes 16A.

However, since the height of the active pillars 12 is 2,000 A
or more, in accordance with the trend towards a high degree of
integration, 1t 1s difficult to completely remove portions of the
gate conductive layer 16 from the upper sidewalls of the
active pillars 12. Thus, a tail shaped portion of the gate con-
ductive layer 16, as indicated by reference symbol “A”, may
remain.

Furthermore, the second separation layer 19 may be exces-
stvely lost during the cleaning process subsequent to the
etch-back process.

SUMMARY OF THE INVENTION

Exemplary embodiments of the present invention are
directed to a method for fabricating a semiconductor device,
which 1s capable of removing a gate conductive layer from
upper sidewalls of active pillars.

In accordance with an embodiment of the present inven-
tion, a method for fabricating a semiconductor device
includes forming a plurality of first active pillars by etching a
substrate using a hard mask layer as an etching barrier, form-
ing a gate conductive layer surrounding sidewalls of the first
active pillars and the hard mask layer, forming a word line
conductive layer filling gaps defined by the gate conductive
layer, forming word lines and vertical gates by simulta-
neously removing portions of the word line conductive layer
and the gate conductive layer on the sidewalls of the hard
mask layer, forming an inter-layer dielectric layer filling gaps
formed by removing the word line conductive layer and the
gate conductive layer, exposing surfaces of the first active
pillars by removing the hard mask layer, and growing second
active pillars over the first active pillars.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1D 1llustrate a conventional method for fab-
ricating a semiconductor device including vertical transistors.

FIGS. 2A to 2K are cross-sectional views 1llustrating a
method for fabricating a semiconductor device 1n accordance
with an exemplary embodiment of the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS

Exemplary embodiments of the present invention will be
described below 1n more detail with reference to the accom-
panying drawings. The present invention may, however, be
embodied 1n different forms and should not be construed as
limited to the embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the
present invention to those skilled in the art. Throughout the
disclosure, like reference numerals refer to like parts through-
out the various figures and embodiments of the present inven-
tion.

The drawings are not necessarily to scale and 1n some
instances, proportions may have been exaggerated in order to
clearly illustrate features of the embodiments. When a first
layer 1s referred to as being “on™ a second layer or “on™ a
substrate, 1t not only refers to a case where the first layer 1s
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tormed directly on the second layer or the substrate but also a
case where a third layer exists between the first layer and the
second layer or the substrate.

FIGS. 2A to 2K are cross-sectional views illustrating a
method for fabricating a semiconductor device 1n accordance
with an exemplary embodiment of the present invention.

Referring to FIG. 2A, first active pillars 22 are formed on a
substrate 21.

The first active pillars 22 have a pillar structure in which
pillars are arranged 1n a dot matrix form, and define active
regions in which channels of transistors are to be formed. The
first active pillars 22 have a neck-1ree structure (i.e., have a
substantially straight profile) which extends vertically from
the substrate. The neck-free structure 1s stable and robust
against collapse. The first active pillars 22 have a height H1 of
1,300 A or less. Otherwise, they could collapse in subsequent
processes. As described later, second active pillars for source/
drain regions are formed in a subsequent process. While a
conventional fabricating method forms relatively tall active
pillars 1n consideration of a channel region and a source
region, a fabricating method 1n accordance with the embodi-
ment of the present mnvention forms the first active pillars
serving as a channel region, and then forms the second active
pillars serving as a source/drain region in a subsequent pro-
cess. Since the first active pillars 22 serving as a channel
region are {irst formed, their height may be lower.

The first active pillars 22 are formed through an etching
process using a hard mask layer (pad layer) 23. The first active
pillars 22 may have a height ranging from approximately 800
A to approximately 1,300 A.

A silicon substrate may be used as the substrate 21. In this
case, the etching process for forming the active pillars 22 may
be performed by a dry etching process using Cl, gas or HBr
gas solely, or a mixture of Cl, gas and HBr gas.

The hard mask layer 23 has a structure 1n which a hard
mask oxide layer 23 A and a hard mask nitride layer 23B are
stacked. The hard mask oxide layer 23A has a thickness
ranging from approximately 500 A to approximately 700 A,
and the hard mask nitride layer 23B has a thickness ranging
from approximately 1,000 A to approximately 1,700 A.

Referring to FIG. 2B, impurity 1ons are implanted into the
substrate 21 between the first active pillars 22 to form buried
bit lines 25. The buried bit lines 25 may be formed by implant-
ing N-type impurity 10ons, such as phosphorus (P) and arsenic
(As).

The buried bit lines 25 may be formed after annular vertical
gates are formed. However, it 1s desirable to form the buried
bit lines 25 immediately after the first active pillars 22 are
formed, when the area for the formation can be easily
accessed and a silicide process or the like can be performed to
form buried bit lines having suificiently low resistance.

The 10n implantation process forming the buried bit lines
25 may be performed after the formation of a sacrificial
spacer 24 covering sidewalls of the first active pillars 22 and
the hard mask layer 23. The sacrificial spacer 24 1s formed by
depositing an oxide layer and performing a spacer-etching
process thereon. The sacrificial spacer 24 can prevent impu-
rity 1ons from being implanted into the sidewalls of the first
active pillars 22 during the 1on implantation process. The
sacrificial spacer 24 has a thickness ranging from approxi-
mately 50 A to approximately 300 A. The sacrificial spacer 24
1s removed after the 1on implantation process.

As described above, a silicide process may be performed 1n
order to lower the sheet resistance of the buried bit lines 235
alter the buried bit lines 25 have been formed. For example,
silicide may include titanium silicide, cobalt silicide, nickel
silicide, or the like.
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Referring to FIG. 2C, a gate dielectric layer 26 1s formed.
The gate dielectric layer 26 may be formed over a resulting
structure by using a deposition process. Alternatively, the gate
dielectric layer 26 may be formed by using a thermal oxida-
tion process or a radical oxidation process. The gate dielectric
layer 26 has a thickness ranging from approximately 30 A to
approximately 80 A.

A gate conductive layer 27 1s formed along the profile/
surface of the resulting structure including the gate dielectric
layer 26. Through an etch-back process, the gate conductive
layer 277 surrounding the sidewalls of the first active pillars 22
and the hard mask layer 23 remains. Because the {irst active
pillars 22 have a relatively small height, the gate conductive
layer 277 can be conformally formed. The deposition thickness
of the gate conductive layer 27 may be in a range from
approximately 100 A to approximately 200 A. Specifically,
the gate conductive layer 27 may include a metal nitride layer.
For example, the gate conductive layer 27 includes a titanium
nitride (TiN) layer or a tantalum nitride (‘TaN) layer. Alterna-
tively, the gate conductive layer 27 may be formed by stack-
ing a tantalum nitride (TaN) layer and a titanium nitride (TiN)
layer. In this case, the tantalum nitride (TaN) layer may be
formed to have a small thickness ranging {from approximately
20 A to approximately 60 A and serves as a diffusion barrier.
The gate conductive layer 27 may be deposited by a metal
organic chemical vapor deposition (MOCVD) process or a
metal organic atomic layer deposition (MOALD) process.

The gate conductive layer 27 1s further etched 1n a subse-
quent process to form vertical gates surrounding the sidewalls
of the first active pillars 22.

Referring to FIG. 2D, a first inter-layer dielectric layer 28
1s formed over a resulting structure including the gate con-
ductive layer 27. In this case, the first inter-layer dielectric
layer 28 1s formed over a resulting structure to fill the gaps
between the first active pillars 22, and serves as a separation

layers between adjacent first active pillars 22. The first inter-
layer dielectric layer 28 may be formed of any type of oxide,
such as HDP oxide, BPSG oxide, SOD oxide, TEOS oxide,
USG oxide, ALD oxide, and so on. Specifically, Plowable
oxide such as SOD or BPSG may be used. The first interlayer
dielectric layer 28 has a thickness ranging from approxi-
mately 500 A to approximately 6,000 A.

A process of separating the buried bit lines 23 1s performed.
Specifically, the first inter-layer dielectric layer 28, the gate
dielectric layer 26, and the substrate 21 are etched by a certain
depth through a buried bit line mask process (not shown) to
form trenches 29 which separate the buried bit lines 25 from
one another. The trenches may have a thickness ranging from
approximately 1,800 A to approximately 2,200 A.

Referring to FIG. 2E, a second inter-layer dielectric layer
31 1s formed to gap-fill the trenches 29. The second inter-layer
dielectric layer 31 may include an oxide layer. For example,
the second inter-layer dielectric layer 31 may be formed of
any type of oxide, such as HDP oxide, BPSG oxide, SOD
oxide, TEOS oxide, USG oxide, ALD oxide, and so on. Spe-
cifically, flowable oxide such as SOD or BPSG may be used.
The second inter-layer dielectric layer 31 serves as a separa-
tion layer of the buried bit lines 25 and the first active pillars
22.

Prior to the formation of the second inter-layer dielectric
layer 31, a liner layer 30 may be formed 1n order to increase
adhesive force of the second inter-layer dielectric layer 31.
The liner layer 30 may include an oxide layer, and it may be
provided by forming low pressure CVD tetra ethyl ortho
silicate (LPTEOS) with a thickness ranging from approxi-
mately 100 A to approximately 400 A.
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Referring to FIG. 2F, an etching process for forming dama-
scene word lines 1s performed to form damascene patterns 32.
First, a photoresist pattern (not shown) 1s formed 1n a direc-
tion itersecting with the buried bit lines 25. The second
inter-layer dielectric layer 31, the liner layer 30, and the first
inter-layer dielectric layer 28, which fill the gaps defined by
the gate conductive layer 27, are partially removed through a
dry etching process. The second inter-layer dielectric layer 31
and the first inter-layer dielectric layer 28, which may remain
on the upper sides of the gate conductive layer 27, are
removed through a wet etching process. Such removal of the
inter-layer dielectric layers from the upper sides of the gate
conductive layer 27 guarantees direct contact between word
lines and vertical gates 1n a subsequent process, thereby
obtaining word lines with a low resistance.

As aresult, after the damascene patterns 32 are formed, the
height of the first and second inter-layer dielectric layers 28A
and 31A decreases, and the liner layer 30A remains between
the first and second inter-layer dielectric layers 28 A and 31A.

Referring to FI1G. 2G, a word line conductive layer 33 1s 1s
deposited over a resulting structure to fill the damascene
patterns 32.

The word line conductive layer 33 may include a titantum
nitride layer or a tungsten layer. Alternatively, the word line
conductive layer 33 may be formed by stacking a titanium
nitride layer and a tungsten layer. In this case, the titanium
nitride layer may have a thickness ranging from approxi-
mately 80 A to approximately 150 A.

Referring to FIG. 2H, word lines are formed through a
process of separating the word line conductive layer 33. As a
result, word lines 33 A buried mside the damascene patterns
32 are formed.

The process of separating the word line conductive layer 33
1s performed by sequentially performing a chemical mechani-
cal polishing CMP process and etch-back process. In the
CMP process, the polishing stops when the pad nitride layer
23B 15 exposed. After the etch-back process, the upper sur-
taces of the word lines 33 A may be flush with or higher than
the upper surfaces of the first active pillars 22. In addition,
during the etch-back process, the gate conductive layer 27
may also be etched at the same time. Consequently, the ver-
tical gates 27A are formed. The word lines 33 A connect the
vertical gates 27 A adjacent to each other.

Since the word lines 33A are formed through the dama-
scene process, the word lines 33A can be formed to have a
uniform height, and thus, the variation of the sheet resistance
(Rs) of the word lines 33 A can be maintained within a mini-
mum range.

In particular, since the gate conductive layer 27 1s etched
simultaneously during the etch-back process for forming the
word lines 33A, portions of the gate conductive layer 27 on
the upper sidewalls of the first active pillars 22 are easily
removed. That 1s, portions of the gate conductive layer 27 on
the upper sidewalls of the active pillars 22 can be cleanly
removed during the process of forming the word lines 33 A,
without separate removal processes. Accordingly, the vertical
gates 27A are formed concurrently with formation of the
word lines 33A.

Referring to FIG. 21, a third inter-layer dielectric layer 34 1s
deposited and planarized until the surface of the hard mask
layer 23 1s exposed. The third inter-layer dielectric layer 34 1s
formed with a thickness of approximately 4,500 A by using
spin-on dielectric (SOD) having excellent flow characteris-
tics. A liner layer (not shown) may be formed prior to the
formation of the third inter-layer dielectric layer. The liner
layer may be formed of LPTEOS with a thickness ranging
from approximately 100 A to approximately 400 A.
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Referring to FIG. 23, the hard mask layer 23 1s removed.
Since the hard mask layer 23 has a stacked structure including,
the hard mask nitride layer 23B and the hard mask oxide layer
23A, awetetching process may be applied to remove the hard
mask nitride layer 23B and the hard mask oxide layer 23A.
The hard mask nitride layer 23B may be removed using a
phosphoric acid (H,PO,) solution, and the hard mask oxide
layer 23A may be removed using a solution containing a
fluoric acid (e.g., HF).

After the hard mask layer 23 1s removed, the surfaces of the
first active pillars 22 are exposed.

Referring to FIG. 2K, second active pillars 35 are formed
on the first active pillars 22 by using an epitaxial growth
process. The second active pillars 35 may include a silicon
epitaxial layer.

The second active pillars 35 serve as the source/drain
regions of the vertical transistors or storage node junctions.
Instead of forming all active pillars simultaneously, the active
pillars 22 serving as the channel regions are first formed and
the second active pillars 35 serving as the source/drain
regions are then formed 1n a subsequent process. A selective
epitaxial growth (SEG) process refers to a process which can
grow silicon 1n a region where silicon 1s exposed, without
growing silicon on an oxide layer or a nitride layer. The SEG
process can cleanly form the second active pillars 35, which
serve as the storage node junctions, with a thickness ranging,
from approximately 500 A to approximately 800 A.

The SEG process for forming the second active pillars 35
uses DCS, S1H,Cl,, and HCI as an etching gas. Prior to the
deposition process, a natural oxide layer 1s removed from the
region where the first active pillars 22 are exposed by a
hydrogen baking process, 1n order to cleanly grow the second
active pillars 35 without defects. The hydrogen baking pro-
cess 1s performed at a high temperature ranging from approxi-
mately 800° C. to approximately 1,000° C. Since the SEG
process 1s also performed at a high temperature ranging from
approximately 700° C. to approximately 1,000° C., a capping
layer may be formed 1n advance 1n order to prevent oxidation
of tungsten used to form the word lines 33A. The capping
layer may be formed belfore the third inter-layer dielectric
layer 34 1s formed, and the capping layer may be formed of
nitride by a low pressure chemical vapor deposition
(LPCVD) process. The capping layer 1s formed to have a
thickness ranging from approximately 100 A to approxi-
mately 150 A. During the deposition of the nitride layer
through the LPCVD process, dichlorosilane (DCS) gas and
NH, gas are used.

In accordance with exemplary embodiments of the present
invention, the first and second active pillars are formed sepa-
rately, and the vertical gates are formed after the first active
pillars are formed. This method ensures that portions of the
gate conductive layer on the upper sidewalls of the active
pillars are removed.

In addition, the channel length of the vertical gates can be
adjusted by etching the first active pillars.

Furthermore, vertical gates having a tail shape are pre-
vented and characteristics of the vertical gates are improved.

While the present invention has been described with
respect to the specific embodiments, 1t will be apparent to
those skilled 1n the art that various changes and modifications
may be made without departing from the spirit and scope of
the invention as defined 1n the following claims.

What 1s claimed 1s:

1. A method for fabricating a semiconductor device, the
method comprising:

forming a plurality of first active pillars by etching a sub-

strate using a hard mask layer as an etching barrier;
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forming a gate conductive layer surrounding sidewalls of

the first active pillars and the hard mask layer;

forming a word line conductive layer filling gaps defined

by the gate conductive layer;

forming word lines and vertical gates by simultaneously

removing portions of the word line conductive layer and
the gate conductive layer on the sidewalls of the hard
mask layer;

forming an inter-layer dielectric layer filling gaps formed

by removing the word line conductive layer and the gate
conductive layer;

exposing surfaces of the first active pillars by removing the

hard mask layer after the forming of the word lines and
vertical gates; and

growing second active pillars over the first active pillars.

2. The method of claim 1, wherein the second active pillars
are formed using a selective epitaxial growth (SEG) process.

3. The method of claim 1, wherein the second active pillars
comprise a silicon epitaxial layer which 1s grown using a
selective epitaxial growth (SEG) process.

4. The method of claim 3, wherein the silicon epitaxial
layer 1s formed using DCS and HCI gases.

5. The method of claim 3, further comprising performing a
hydrogen baking process on the surfaces of the first active
pillars before the SEG process.

6. The method of claim 1, wherein the hard mask layer 1s
formed by sequentially stacking a hard mask oxide layer and
a hard mask nitride layer.

7. The method of claim 1, wherein the hard mask layer 1s
removed by a wet etching process.

8. The method of claim 1, further comprising, before the
forming of the word line conductive layer filling the gaps
defined by the gate conductive layer:

forming buried bit lines nside the substrate through an

impurity ion implantation process;
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forming trenches separating the buried bit lines from one

another; and

forming a separation layer filling the trenches.

9. The method of claim 8, wherein the separation layer 1s
formed by sequentially forming a liner layer and a spin-on
dielectric layer.

10. The method of claim 9, wheremn the liner layer 1s
formed of a low pressure chemical vapor deposition (CVD)
tetra ethyl ortho silicate (LPTEOS) having a thickness rang-
ing from approximately 100 A to approximately 400 A.

11. The method of claim 1, wherein the forming of the
word lines and the vertical gates comprises:

planarizing the word line conductive layer to expose the

hard mask layer; and

ctching the planarized word line conductive layer and the

gate conductive layer through an etch-back process.

12. The method of claim 1, wherein the word line conduc-
tive layer 1s formed by using a titanium nitride layer or a
tungsten layer solely or by stacking a titanium mitride layer
and a tungsten layer.

13. The method of claim 1, further comprising forming a
capping layer protecting the word lines before the forming of
the inter-layer dielectric layer.

14. The method of claim 13, wherein the capping layer 1s
formed using a mitride layer through a low pressure chemaical
vapor deposition (LPCVD) process.

15. The method of claim 1, wherein the forming of the
inter-layer dielectric layer comprises:

forming the inter-layer dielectric layer over the substrate

including the word lines; and

planarizing the inter-layer dielectric layer to expose an

upper surface of the hard mask layer.
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